A cis-acting sequence within the rat cytomegalovirus (RCMV) genome (oriLyt) that directs initiation of lytic-phase DNA replication is identified in this report. RCMV ori Lyt was localized within a 4n3 kb Nco I fragment that is situated immediately upstream of the gene encoding the major DNA-binding protein. The activity of ori Lyt was investigated in a transient replication assay, in which the ability of plasmid constructs to promote DNA replication was tested. Replication of ori Lyt-containing plasmids was autonomous and resulted in the generation of high-molecular-mass concatemers of head-to-taillinked plasmid oligomers. ori Lyt-mediated replication was found to depend on viral DNA polymerase activity supplied by RCMV infection. The
Introduction
Replication of human cytomegalovirus (HCMV) DNA probably occurs via a rolling-circle mechanism that generates ' endless ' concatemers in which the viral genomes are linked head-to-tail. The concatemers are subsequently cleaved into unit-length genomes and packaged into capsids (LaFemina & Hayward, 1983 ; McVoy & Adler, 1994) . HCMV DNA replication requires both virus-encoded proteins and a cisacting DNA sequence, the origin of lytic-phase DNA replication (ori Lyt ; Anders et al., 1992 ; Anders & Punturieri, 1991 ; Hamzeh et al., 1990 ; Masse et al., 1992 ; Watanabe & Yamaguchi, 1993) . Previously, the lytic replication origins of several herpesviruses have been described. In the prototype Author for correspondence : Cornelis Vink.
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The nucleotide sequences presented in this work have been deposited in the GenBank database under accession number U50550, which contains the 5h-terminal 316 bp (from the NcoI to the BamHI site) of the 4314 bp NcoI fragment, and U87867, which contains the remaining 3998 bp.
sequence required for ori Lyt function was found to reside within a 3n3 kb HincII-NcoI fragment. The RCMV oriLyt sequence is highly complex, containing 23 direct repeats (DRs) and 16 inverted repeats (IRs) of lengths greater than 10 bp. Two of the DRs (DR21 and DR22) are exceptionally large, being 80 and 88 bp in length, respectively. In addition, two sequence elements (of 127 and 120 bp) with dyad symmetry were identified within ori Lyt. Although the sequence similarity of RCMV ori Lyt with its human cytomegalovirus counterpart is limited, there is a striking resemblance in the overall organization of several IRs and DRs within both sequences.
alphaherpesvirus, herpes simplex virus type 1 (HSV-1), these origins are relatively simple, consisting of two conserved motifs : a binding site for the origin-binding protein, and an AjT-rich domain (Stow & McMonagle, 1983) . The lytic replication origin sequences of Epstein-Barr virus (EBV ; Hammerschmidt & Sugden, 1988) , a gammaherpesvirus, and the betaherpesviruses HCMV (Anders et al., 1992 ; Anders & Punturieri, 1991 ; Hamzeh et al., 1990 ; Masse et al., 1992 ; Watanabe & Yamaguchi, 1993) , simian CMV (SCMV ; Anders & Punturieri, 1991) and murine CMV (MCMV ; Masse et al., 1997) have a higher complexity than those of HSV-1. The ori Lyt sequences of EBV and the CMVs were found to contain numerous inverted and direct repeats (IRs and DRs, respectively) as well as consensus transcription factor recognition sites. In addition, these origins display an asymmetrical base distribution. The position of the lytic replication origin within the genome, immediately upstream of the gene encoding the major DNA-binding protein (MDBP) , is conserved between HSV-1 and the CMVs.
In our laboratory we study CMV infections (in vitro and in vivo) using rat CMV (RCMV) as a model. Recently, we have begun to analyse the molecular biology of this virus, thereby focusing on the steps that are involved in DNA replication .
In this study, we report the cloning, sequencing and functional characterization of RCMV ori Lyt.
Methods
Cells and virus. A continuous rat cell line, Rat2 (ATCC, CRL 1764) was used for transfection and infection experiments. Cells were grown in Eagle's minimum essential medium (EMEM ; ICN Biomedicals) supplemented with nonessential amino acids, 2 mM -glutamine and 10 % newborn calf serum (NCS). Infection of cells with RCMV Maastricht strain (Bruggeman et al., 1983) and isolation of virion DNA were done as previously described .
Identification of RCMV restriction fragments flanking the MDBP gene. We anticipated that the RCMV lytic replication origin would be located directly upstream of the MDBP gene. Previously, we cloned a region of the RCMV genome that comprises 0n3 kb of sequence upstream of the start codon of the MDBP gene (the NcoI-BamHI fragment in Fig. 1 ; Beuken et al., 1996) . Because we expected the RCMV lytic replication origin to span a region larger than 0n3 kb, we set out to identify a larger portion of the RCMV genome upstream of the MDBP gene. RCMV virion DNA (1 µg) was digested with several restriction endonucleases. After separation on a 1 % agarose gel, the DNA was alkali-blotted onto a Hybond-Nj filter (Amersham), as recommended by the manufacturers. The filter was hybridized with a probe that was generated by labelling the 0n3 kb NcoI-BamHI fragment (' probe ' in Fig.  1 ) with digoxigenin. Labelling, hybridization and detection experiments were carried out with digoxigenin DNA labelling and luminescence detection kits (Boehringer Mannheim).
Cloning of the 4n3 kb NcoI fragment containing RCMV ori Lyt. Virion DNA (5 µg) was digested with NcoI and electrophoresed through a 1 % agarose gel. DNA fragments with lengths of 4n0-4n5 kb were excised from the gel and purified. The fragments were made bluntended by incubation with dNTPs and T4 DNA polymerase (Pharmacia), and ligated into HincII-digested vector pUC119. Escherichia coli JM83 was transformed with the ligation mixtures. Positive clones were identified by Southern blotting of purified plasmid DNA and hybridization with the same probe as described above. The plasmid containing the 4n3 kb ori Lyt NcoI fragment was termed p058.
Plasmid constructs. The inserts of the plasmid constructs that (Meijer et al., 1986) of the RCMV genome. The 13n3 kb segment that contains these four genes is shown as a grey box. The black box represents a 4n3 kb NcoI fragment that is located upstream of the MDBP gene. The boundary between the XbaI A and B fragments is depicted as a white line within the black box. The 4n3 kb RCMV NcoI fragment was identified by using a probe that was derived from the 0n3 kb NcoI-BamHI fragment that is depicted as ' probe '. Fig. 2 . The 4n3 kb NcoI fragment contains a lytic replication origin (ori Lyt) of RCMV. A transient transfection-plus-infection experiment was carried out as described in Methods. Transfections were done with either pUC119 (pUC ; the negative control) or plasmid p058, which contains the 4n3 kb NcoI RCMV fragment from Fig. 1 . Purified total cellular DNA from RCMVinfected (j) or mock-infected (k) cells was treated either with no enzyme, with HindIII or with HindIII plus DpnI. Subsequently, the DNA was separated by electrophoresis through a 0n6 % agarose gel and transferred to a nylon filter. Hybridization was done with a pUC119-derived probe. The positions of linearized pUC119 and p058 DNA (3n2 and 7n5 kb, respectively) are shown on the right.
were used in this study are depicted in Fig. 4 (b) . Clone pHN3.3 was generated by digesting p058 with HincII and HindIII (the HindIII site is derived from the polylinker sequence of pUC119, which is not indicated in Fig. 4 b) , creating blunt ends by treatment with dNTPs and DNA polymerase I Klenow fragment (Pharmacia), and cloning the resulting 3n3 kb fragment into the HincII site of pUC119. Clone pHX2.0 was constructed by digesting p058 with HincII and XbaI, creating blunt ends, and cloning the resulting 2n0 kb fragment into the HincII site of pUC119. Clone pSS1.7 was made by cloning the 1n7 kb SalI-SacI fragment from construct p058 into SalI-and SacI-digested vector pUC119. Clone pPN3.0 was constructed by cloning the 3n0 kb PstI-PstI fragment from p058 into the PstI site of pUC119 (one of the PstI sites from p058 is derived from the pUC119 polylinker sequence). Clone pSN2.5 was generated by cloning the 2n5 kb SphI-SphI fragment from p058 into the SphI site of pUC119 (one of the SphI sites from p058 is derived from the pUC119 polylinker sequence). Clone pNS1.8 was made by deleting the 2n5 kb SphI fragment from p058. Clone pBB0.8 was constructed by cloning the 0n8 kb BamHI fragment from construct p058 into the BamHI site of pUC119. Plasmids were purified using a Plasmid Maxi Kit (QIAGEN).
Transient replication-plus-infection assay. The transient transfection-plus-infection assay was done essentially as described previously for SCMV (Anders & Punturieri, 1991) . At 24 h posttransfection, the cells (in six-well tissue culture plates) were infected with RCMV at an m.o.i. of 1-5 p.f.u. per cell. Virus adsorption was done for 1 h at 37 mC in 1 ml of EMEM containing 2 % (v\v) NCS. Subsequently, 1 ml of fresh medium (containing 2 % NCS) was added to each culture. Where indicated, phosphonoacetic acid (PAA ; Sigma) was added to the culture medium both during and after infection at a concentration of 0n2 mg\ml. Cellular DNA was isolated 48 h after infection as described by Anders & Punturieri (1991) . Restriction endonuclease incubations were done in the presence of RNase A (at 5 µg\ml ; Boehringer Mannheim) using 5 µg DNA in a total volume of 20 µl. DNA was electrophoresed through 0n6 % agarose gels and blotted onto nylon filters as described above. Digoxigenin-labelled pUC119 DNA was used as probe in hybridizations. Each transfection experiment was repeated at least twice.
DNA sequence determination and analysis. Both strands of the RCMV 4n3 kb NcoI fragment were sequenced using the Cy5 AutoRead sequencing kit and an ALFexpress automated DNA sequencer (Pharmacia). All data were generated using overlapping plasmid constructs. Sequence analysis was done using the program PC\Gene (version 2.11 ; IntelliGenetics).
Results

Identification and cloning of an RCMV restriction fragment upstream of the MDBP gene
As for other herpesviruses, the lytic replication origin of RCMV was expected to be located immediately upstream of the gene encoding MDBP. Recently, we cloned and sequenced 0n3 kb upstream of the ATG start codon of this gene , which is located within the XbaI A fragment of the RCMV genome ( Fig. 1 ; Meijer et al., 1986 ). Since we anticipated that the RCMV lytic replication origin would span at least 2n5 kb, in analogy to the situation for other CMVs, we set out to identify restriction fragments flanking the MDBP gene that are larger than 2n5 kb. Thus, we digested RCMV virion DNA with several restriction enzymes and separated the resulting DNA fragments by agarose gel electrophoresis. The DNA was subsequently transferred to a nylon filter and hybridized with a probe that was derived from the 0n3 kb NcoI-BamHI fragment that is situated immediately upstream of the open reading frame of the MDBP gene (Fig. 1) . One of the restriction endonucleases, NcoI, produced a hybridizing fragment with a length of approximately 4n3 kb (data not shown). Because the ATG start codon of the MDBP gene is actually part of an NcoI restriction site (5h CCATGG 3h ; Fig. 1 ), the 4n3 kb NcoI fragment should comprise approximately 4 kb of novel sequence information. Therefore, we cloned the 4n3 kb NcoI fragment into plasmid pUC119, resulting in construct p058.
Identification of a lytic replication origin of RCMV
Does the 4n3 kb RCMV NcoI fragment contain a lytic replication origin? To address this question, we employed a transient transfection-plus-infection assay that has previously been described for other herpesviruses. Briefly, plasmids comprising (parts of) the 4n3 kb NcoI fragment were introduced into Rat2 cells by transfection. Thereafter, the cells were infected with RCMV in order to supply the trans-acting factors that are necessary for DNA replication. After 2 days, total cellular DNA was purified and digested with restriction enzyme DpnI to allow discrimination between input and replicated plasmid DNA. In addition, the DNA was treated with another enzyme, HindIII, which cleaves the plasmids only once (within the pUC119 backbone) and thus produces unitlength fragments. Finally, replicated plasmid DNA was distinguished from both virus DNA and cellular DNA by hybridization of Southern blots with a pUC119 probe. Fig. 2 shows a typical transfection-plus-infection experiment using p058 as test plasmid and pUC119 as negative control. Within the DNA purified from transfected Rat2 cells, each of the two plasmids was found to exist in at least three different forms (lanes 1-4). As expected, treatment of the DNA with HindIII converted these plasmid forms into a single prominent pUC119-detected fragment with a length of approximately 7n5 kb in DNA from p058-transfected cells (lanes 7 and 8) and approximately 3n2 kb in DNA from pUC119-transfected cells (lanes 5 and 6). These lengths correspond to those of linearized p058 and pUC119 DNA, respectively. Treating DNA from pUC119-transfected cells with both HindIII and DpnI produced fragments smaller than 3n2 kb, irrespective of RCMV infection (lanes 9 and 10). Longer exposures than that shown in Fig. 2 also failed to reveal a 3n2 kb hybridizing fragment, which shows that the plasmid DNA present in pUC119-transfected cells represents unreplicated input DNA. Similarly, plasmid DNA from p058-transfected and mock-infected cells was digested to fragments smaller than 7n5 kb upon treatment with both HindIII and DpnI (lane 11). In contrast, a portion of the plasmid DNA from p058-transfected and RCMV-infected cells was found to be resistant to cleavage by DpnI (lane 12), indicating that plasmid p058 can mediate DNA replication in cells that are infected with RCMV. The dependence of plasmid replication on RCMV infection and, more specifically, on activity of the RCMV DNA polymerase, was further demonstrated by a dramatic reduction of plasmid-mediated DNA replication that was seen after addition of PAA (an inhibitor of virus-encoded DNA polymerases) to cultures of p058-transfected and RCMV-infected cells (compare lanes 3 and 4 in Fig. 4 a) .
Products of ori Lyt-dependent plasmid replication
To investigate whether replication of plasmid p058 in RCMV-infected cells is autonomous and not the result of recombination of p058 into the viral DNA, we treated DNA from p058-transfected and RCMV-infected cells with the following combinations of restriction endonucleases : DpnI plus BglII, DpnI plus EcoRI, and DpnI plus SphI. BglII does not cut plasmid p058 but does cut frequently within RCMV genomic DNA (Meijer et al., 1984) . Fig. 3 (a) shows that treatment with DpnI plus BglII resulted in a high-molecularmass (HMM) hybridizing species that migrated at the linear discontinuity of the agarose gel (lane 1). The mobility of this species clearly differed from that of supercoiled, linear or opencircular p058 DNA (compare lane 1 to lanes 5 and 6). A similar HMM fragment was detected after digestion of the DNA with only DpnI (Fig. 3 b, lane 1) . This suggests that replication of plasmid p058 is autonomous and results in the generation of products with lengths of at least 20 kb. Like HindIII, EcoRI cleaves plasmid p058 only once, within the polylinker cloning site of the pUC119 backbone. However, the EcoRI recognition sequence is present at the opposite site of the HindIII recognition sequence with respect to the 4n3 kb RCMV insert of plasmid p058. Within the RCMV genome, EcoRI cleaves approximately 22 times, whereas HindIII cleaves only approximately eight times (Meijer et al., 1984) . Digestion of DNA from p058-transfected and RCMV-infected cells with EcoRI plus DpnI produced a hybridizing fragment of similar length as digestion with HindIII plus DpnI (Fig. 3 a, compare lanes 3 and  4) . This observation is in agreement with the notion that replication of plasmid p058 is not the result of integration into the viral genome. Restriction enzyme SphI, which cleaves frequently within RCMV genomic DNA (data not shown), can cleave p058 at two sites. One of these sites is located within the pUC119 polylinker sequence, whereas the other site is located within the 4n3 kb RCMV insert (Fig. 4 b) . Treatment of p058 with SphI generates a fragment of 2n5 kb, which almost exclusively contains RCMV DNA sequences, and a fragment of 5n0 kb, containing both RCMV and pUC119 sequences. As shown in Fig. 3 (a, lane 2) , digestion of DNA from p058-transfected and RCMV-infected cells with both SphI and DpnI produced a single pUC119-detected fragment of approximately 5n0 kb. Since this fragment was produced by SphI cleavage of HMM plasmid DNA (lane 1), this HMM DNA was probably composed of concatemers of ' head-to-tail'-linked plasmids.
To further study the composition of the replicated plasmid DNA, DNA from p058-transfected and RCMV-infected cells was digested to completion with DpnI and digested partially with HindIII. Fig. 3 (b) shows that this treatment produced a ladder of hybridizing fragments, each differing approximately 7n5 kb in length from the next fragment (lanes 1-5). Prolonged incubation with HindIII resulted in a shift to products with a relatively low-molecular-mass, eventually leading to a single product with a plasmid unit-length of 7n5 kb (lane 5). Taken together, these data indicate that p058-mediated replication is autonomous and generates tandemly arranged arrays of plasmid DNA. Since this mechanism of replication appears to be characteristic for lytic-phase DNA replication of herpesviruses, we conclude that the 4n3 kb RCMV NcoI fragment present in plasmid p058 contains the lytic replication origin, ori Lyt, of RCMV.
Mapping of the RCMV ori Lyt boundaries
To define the minimum sequence required for ori Lyt function, we generated a number of plasmid constructs having parts of the 4n3 kb NcoI fragment deleted (Fig. 4) Inverted repeat (IR), direct repeat (DR) and palindromic (P) sequences with lengths greater than 10 bp. For each repeat, the sequence shown is that of the first copy of the repeat or, when more than two copies are present, of a consensus sequence. Nucleotide positions at which mismatches occur are indicated by lowercase letters. these constructs to mediate replication was tested in the transient transfection-plus-infection assay. Deletion of 1n0 kb up to the SalI\HincII site on the left (pHN3.3 ; Fig. 4 b) resulted in a dramatic reduction (at least tenfold) of replication activity (Fig. 4 a, lane 5) . Deletion of a further 0n3 kb upto the PstI site at 1n3 kb (pPN3.0 ; Fig. 4 b) completely abolished activity (Fig.  4 a, lane 8) . This indicates that the leftward boundary of RCMV minimal ori Lyt is located between the HincII site at 1n0 kb and the PstI site at 1n3 kb. It is clear, however, that sequences between the NcoI site at the leftward boundary of the 4n3 kb NcoI fragment and the HincII site at 1n0 kb are important for full activity of ori Lyt. Construct pHX2.0, which contains the sequence between the HincII site at 1n0 kb and the XbaI site at 3n0 kb, completely lacked replication activity (Fig. 4 a, lane 6) . Thus, sequences between the XbaI site at 3n0 kb and the NcoI site at the rightward boundary contribute to ori Lyt function. As expected from the inability of constructs pHX2.0 and pPN3.0 to mediate replication, the other constructs that we tested (pSS1.7, pSN2.5, pNS1.8 and pBB0.8) were also inactive (lanes 7, 9-11). Although the series of deletion mutants we tested is limited, we can conclude that ori Lyt of RCMV spans 3n3 kb and is located between the HincII site at 1n0 kb and the NcoI site at 4n3 kb.
Repeat
Structure of RCMV ori Lyt
We have determined the sequence of the 4n3 kb NcoI fragment. As was reported for other CMVs, the ori Lyt region of RCMV is highly complex, containing numerous novel inverted and direct repeat sequences. Within the 4n3 kb fragment, we identified 16 different IRs, five different palindromes and 23 different DRs, each of these elements being at least 11 bp in length. The sequences of these elements are listed in Table 1 and a schematic representation of every copy of each DR and IR is depicted in Fig. 5 (a) . The RCMV ori Lyt region has a high overall GjC content (68 %) and shows an asymmetrical distribution of bases (Fig. 5 b) . On the basis of this base distribution as well as the presence of specific repeat elements, the RCMV ori Lyt region can be divided into four domains (Fig. 5) . Domain I, from 1-1000 bp, contributes to, but is not essential for, ori Lyt function (see above). This domain is relatively GjC-rich and contains a low number of IRs and DRs. Domain II, located between nucleotides (nt) 1000 and 1800, comprises a high concentration of both IR and DR sequences. This domain forms part of the minimal ori Lyt and has the highest AjT content of any of the four domains (Fig.  5 b) . An interesting feature of domain II is the presence of a stretch of pyrimidine residues between nt 1723 and 1744 (the Y-block ; Huang et al., 1996) that is conserved among several herpesviruses. The sequence of the RCMV Y-block, which overlaps with both copies of element DR12, is compared to that of HCMV in Fig. 6 (a) . The Y-blocks of both RCMV and HCMV represent very GjC-rich elements that are flanked by very AjT-rich sequences (Fig. 5 b) . Domain II has a symmetrical structure of several repeat sequences (Fig. 5 a) that centres around a single copy of a 23 bp IR (IR16). This IR16 copy is flanked by two large but imperfect sequences with dyad symmetry. The first of these sequences (dyad 1), leftward from IR16, has a length of 127 bp and is composed of two copies of both IR5 and IR6 and a single copy of DR8. When dyad 1 is depicted as a hairpin (Fig. 6 b) , IR5 and IR6 form part of a 58 bp stem containing only seven mismatches or gaps. These mismatches or gaps are predominantly present in the 12\13 bp sequence between IR5 and IR6. The terminal 9 bp at both ends of DR8 overlap with IR6 within the stem structure, whereas the loop consists of the central 11 bp of DR8. The other palindromic structure (dyad 2) is 120 bp in length and is located to the right of IR16. When drawn as a hairpin (Fig. 6 b) , dyad 2 is composed of a stem of 55 bp and a loop of 11 bp. The stem structure consists of elements IR7 and IR8, separated by a 14\15 bp region that includes seven mismatches or gaps. The loop of dyad 2 is identical to that of dyad 1 and is part of the second copy of DR8. Table 1 . Note that each copy of DR21 includes a copy of both IR15 and IR16. For simplicity, only a single copy of IR15 and IR16 is shown (indicated with asterisks). The definition of domains is as described in the text. The black bar represents minimal ori Lyt as defined in Fig. 4. (b) RCMV ori Lyt has an asymmetrical base distribution. The percentage of AjT residues across the ori Lyt region of RCMV is compared to that of HCMV. The sequence and nucleotide numbering of HCMV is from Chee et al. (1990) . The definition of domains as well as location of HCMV minimal ori Lyt (black bar, from nt 92 200-93 700) are as determined by Masse et al. (1992) . Anders et al. (1992) defined HCMV minimal ori Lyt as spanning a somewhat larger region, from nt 91 321-93 715. Sequence elements that are putatively conserved between RCMV and HCMV are indicated in each plot and Chee et al., 1990 ; Huang et al., 1996) . Vertical lines indicate identical bases. The RCMV Y-block overlaps with both copies of element DR12 (Table 1 and Fig. 5 a) . The sequence of the HCMV Y-block is as defined by Huang et al. (1996) . (b) Large sequence elements within RCMV ori Lyt that have dyad symmetry. Both dyad 1 and dyad 2 are drawn as hairpins in order to show the similarity between the arms of each element. Similar structures have previously been drawn for two dyads from HCMV ori Lyt (Anders et al., 1992) . Both RCMV dyads comprise two different IR sequences within the stem of the hairpin. The sequences of the loops of dyad 1 and dyad 2 are identical and form part of DR8. For clarity, the part of DR8 that overlaps with IR6 in dyad 1 and IR8 in dyad 2 is not indicated.
Domain III, located between nt 1800 and 2650, has the highest GjC content of any of the four domains of the RCMV ori Lyt region (Fig. 5 b) . Further, this domain contains a relatively low number of IRs but a high number of DRs. Two copies of a large (28 bp) repeat (DR15) were identified that are separated by a 15 bp sequence. Another element (DR17) was found to be present as eight tandemly repeated copies. A third element (DR14) is represented six times within domain III. Domain IV, from nt 2650 to the NcoI site at nt 4309, is moderately GjC-rich and is characterized by the presence of two extraordinary large repeat elements, DR21 and DR22. DR21 is 80 bp long and is present eight times. The copies of DR21 form a tandem array in which the first two copies are separated from the other six by 152 bp. Within DR21, two distinct sequences are enclosed that are repeated once in reverse orientation in either domain I (IR15 ; 11 bp) or domain II (IR16 ; 23 bp) of ori Lyt (Table 1 and Fig. 5 a) . DR22 (88 bp) is represented by two tandem copies that overlap by 1 bp. Within DR22, two copies of an IR (IR13 ; 13 bp) are present.
The ori Lyt regions of HCMV and SCMV were previously reported to include numerous consensus binding sites for eukaryotic transcription factors (Anders et al., 1992 ; Anders & Punturieri, 1991 ; Hamzeh et al., 1990) . We searched the RCMV ori Lyt region for the presence of these binding sites and found six copies of the ATF\CREB sequence (5h ACGTCA 3h ; Lee et al., 1987 ; Montminy & Bilezikjian, 1987) , six copies of the MLTF\USF sequence (5h CGTGAC 3h ; Carthew et al., 1985 ; Sawadago & Roeder, 1985) and 19 copies of the Sp1 sequence (5h CCGCCC 3h ; Briggs et al., 1986 ;  Fig. 5 a) . The are discussed in the text. HCMV elements DR1 and DR3 are as defined by Masse et al. (1992) ; the position of the HCMV Y-block is as determined by Huang et al. (1996) . Plots were generated with program PBASE (PC/Gene version 2.11, Intelligenetics) using an interval of 50 bases. majority of these sequences are situated in the left-half of the 4n3 kb NcoI fragment. Most of the Sp1 sites are clustered in GjC-rich domains I and III. In addition, we identified potential TATA and CCAAT sequences (11 and three copies, respectively), most of which are located in the left-half of the ori Lyt region. In contrast to SCMV and HCMV ori Lyt (Anders et al., 1992 ; Anders & Punturieri, 1991) , RCMV ori Lyt does not contain any consensus polyadenylation signals.
Discussion
We cloned and characterized a region from the genome of RCMV that is able to mediate autonomous replication of plasmid DNA in transient transfection-plus-infection experiments. This region, which was termed ori Lyt, is located immediately upstream of the gene encoding MDBP. Like the origins of other CMVs and EBV, RCMV ori Lyt is highly complex, comprising numerous novel repeat elements and displaying an asymmetrical distribution of bases. The RCMV ori Lyt sequence could be divided into four separate domains. The minimum sequence required for ori Lyt function is situated within domains II-IV (from nt 1000-4309). Domain I (from nt 1-1000) was found to be dispensable for ori Lyt function, but clearly contributed to full replication activity. Thus, although we only tested a limited number of plasmid constructs, we inferred that RCMV ori Lyt is contained within a 3n3 kb fragment. For SCMV, MCMV and HCMV the length of minimal ori Lyt was reported to be 1n3 kb (Anders & Punturieri, CJHB 1991), 1n7 kb (Masse et al., 1997) and 1n5-2n4 kb (Fig. 5 b ; Anders et al., 1992 ; Masse et al., 1992) , respectively. As with RCMV ori Lyt, full activity of these origins requires sequences flanking the minimal origin sequence.
The sequence of the ori Lyt region of RCMV shows little homology with that of other CMVs. However, there is remarkable similarity between the RCMV and HCMV origins in the overall organization of various repeat elements as well as asymmetrical base distribution throughout the ori Lyt region (Fig. 5 b) . Similarity in overall structure can readily be recognized by comparing RCMV domain II with HCMV domain I (as defined by Masse et al., 1992) . In RCMV domain II, an array of four copies of DR14 is flanked on each side by a single copy of DR16. In addition, two other copies of DR14 are located at the lefthand side of this structure. A similar organization is seen for HCMV elements DR2\2* and DR3 (Masse et al., 1992) . Besides structural similarity, some RCMV ori Lyt sequence elements also share sequence identity with HCMV elements. One of these elements, RCMV DR8 (from domain II), was found to be identical in 17 out of 19 positions with HCMV element DR1 (from HCMV domain I ; Masse et al., 1992) . The sequence that is shared between these elements, 5h TgGCGAGCGTAGCGAGCcA 3h (in which the lowercase letters represent mismatches), is located in the middle of both DRs and includes the ' loop ' sequence (underlined) of two large dyad elements of RCMV (Fig. 6 b) . Interestingly, HCMV DR1 and RCMV DR8 are the same length (29 bp) and the locations of their copies within the respective ori Lyt regions are roughly similar relative to the Y-block (a stretch of pyrimidine residues that is conserved among several herpesviruses ; Huang et al., 1996 ; Fig. 5 b) . Since RCMV DR8 and HCMV DR1 are both located in a region that plays an essential role in ori Lyt function, one could speculate that the sequence that is conserved between these elements represents a binding site for viral and\or cellular proteins. Nevertheless, the sequence common to RCMV DR8 and HCMV DR1 was not found (allowing two mismatches) within the ori Lyt regions of SCMV (Anders & Punturieri, 1991) and MCMV (Masse et al., 1997) . This indicates that if the ' DR8\DR1 ' sequence is pivotal for ori Lyt function, this is not true for all CMVs. As mentioned above, the two copies of element DR8 form part of two large sequences with dyad symmetry, dyad 1 (127 bp) and dyad 2 (120 bp). Two similar dyad elements have previously been recognized in HCMV ori Lyt (Anders et al., 1992 ; Masse et al., 1992 ; Watanabe & Yamaguchi, 1993) . However, both primary sequence and position within ori Lyt are not conserved between the dyad elements of RCMV and HCMV. In the RCMV origin, dyad 1 and 2 are located leftward from the Y-block, whereas in the HCMV origin both dyads are located at the righthand side of this sequence.
Another RCMV element with homology to an HCMV ori Lyt element is located at the boundary of domain II and domain III ; a stretch of 10 bp within this 12 bp element (palindrome P4) is identical to a palindrome with the sequence 5h GCGCATGCGC 3h that is present six times within HCMV ori Lyt (Anders et al., 1992 ; Masse et al., 1992) .
As discussed above, the Y-block (between nt 1723 and 1744 of RCMV ori Lyt) is conserved between several herpesviruses, including HCMV (Huang et al., 1996 ; Masse et al., 1992) , SCMV (Anders & Punturieri, 1991) , MCMV (Masse et al., 1997) , pseudorabies virus (Kupershmidt et al., 1991 ; Masse et al., 1992) and EBV (Schepers et al., 1993) . For EBV and HCMV this sequence element was shown to be essential for ori Lyt function (Huang et al., 1996 ; Schepers et al., 1993) . As for the other CMV sequence elements within ori Lyt (reiterated motifs and transcription factor-binding sites), the exact function of the Y-block in DNA replication initiation is not yet known. Each of the sequence elements within ori Lyt might either provide a binding site for specific trans-acting factors or have a structural function, e.g. in DNA unwinding. In this regard it is interesting to note that the GjC-rich Y-blocks of HCMV and RCMV are flanked on either side by highly AjT-rich regions (Fig. 5 b) . Such organization might point in the direction of a structural role for the Y-block in origin function, as has previously been suggested by Anders et al. (1992) .
The RCMV ori Lyt region comprises several features that are unique among the lytic replication origins studied to date. First of all, the number of different repeat elements (with a length of more than 10 bp) within this region is extremely high. In addition, two DRs that are exceptionally large are present within domain IV : DR21 (80 bp, eight copies) and DR22 (88 bp, two copies). Another feature unique to RCMV ori Lyt is that it lacks copies of a 10 bp element (5h ACGGTGTTTT 3h) that was designated ' R1 ' (Anders & Punturieri, 1991) or ' 10 bp repeat ' (Hamzeh et al., 1990) . This repeat was found to be present in numerous copies in both the HCMV (Anders et al., 1992 ; Hamzeh et al., 1990 ; Masse et al., 1992 ; Watanabe & Yamaguchi, 1993) and SCMV ori Lyt region (Anders & Punturieri, 1991) .
The results presented here indicate that RCMV ori Lyt has an overall structure and activity typical of CMVs. Further studies on RCMV DNA replication both in vitro and in vivo might therefore contribute to the understanding of the mechanism of infection of this group of herpesviruses. The transient transfection-plus-infection assay that we employed here might help to increase our knowledge of CMV DNA replication as well as subsequent steps in the CMV replication cycle.
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